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Abstract. The redshift drift, the change of cosmological redshift with time, is a direct conse-
quence of the expansion of the Universe. Thus the measurement of the cosmological redshift
drift will offer a direct test of our models of cosmology. The magnitude of the effect is very
small, i.e. the spectral shift is of order of 10−10 − 10−9 over the period of a decade, but the
next generation facilities such as ELT and SKA will be able to directly detect the expansion
of our Universe by the year 2040. In this paper we focus on detectebility of this effect, in-
cluding strategies of overcoming the kinematic contamination of the cosmological signal. We
also show that the redshift drift directly impacts the change of flux. Thus apart from the
redshift drift, measurements of the flux drift will provide an additional tool of detecting the
expansion of the universe, including its acceleration. We discuss the strategies of detecting
the flux drift and show that by including the flux drift signal to the redshift drift signal we
boost the chances of a direct detection of the expansion of the Universe. We show that if
only the stability of flux is at the level of ∆F/F ∼ 10−6 then the SKA1-mid Array should
be able to detect these effects, before the ETL and the full SKA. Thus, by including the flux
drift into the SKA1-mid Array’s analysis pipeline, we could be able to provide by mid-2030s
a direct evidence of the expansion of the universe including its accelerating phase.
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1 Introduction
The last century has seen a revolution in our understanding of the cosmos, beginning with
the development of the mathematical framework of relativistic cosmologies and the discovery
of the expansion of the universe, to the realization that this expansion is accelerating due
to the dominating presence of dark energy. One direct test of our cosmological models is
the redshift drift, the change of a distant objects redshift over time, commonly referred to
as the Sandage-Loeb effect [1, 2], although this idea has surfaced a number of times in the
literature over the years [3]. While the magnitude of the redshift drift is expected to be small
recent studies have demonstrated that it should be in reach with at least a decades worth
of observing with the next generation of telescope and instruments [4]. However, a number
of kinematic sources can contaminate the redshift drift signal [5], and these must be fully
accounted in an observational program to realise the redshift drift as a probe of cosmology.
The advent of the Square Kilometre Array (SKA) offers a new window through the
accurate detection of a large number of high redshift sources. In this paper, we will consider
the detectability of the redshift drift with the SKA, including the flux drift. We consider the
theoretical background for the redshift drift in Section. 2. In Section. 3 we discuss strategies
of measuring the redshift drift including ways of handling the kinematic contamination. In
Section 4 we discuss the flux drift and its detectibility. We present our conclusions in Section 5.
2 Redshift drift
Due to cosmic expansion observable properties of cosmological objects change with time. The
most studied effect is the redshift drift [4, 6], but other properties include position drift [7, 8]
as well as the distance drift [9, 10].
The redshift drift for FLRW models is given by a simple relationship
z˙ = H0(1 + z)−H(z), (2.1)
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where z is the redshift of the source, H0 is the present day value of the Hubble constant, and
H(z) is the Hubble constant at the redshift of the source. For a flat universe with a present
day matter density of Ωm and cosmological constant ΩΛ, this can be written as
z˙ = H0
(
(1 + z)−
√
Ωm(1 + z)3 +ΩΛ
)
. (2.2)
In Figure 1, we present z˙ of a fiducial universe, with Ωm = 0.3 and ΩΛ = 0.7, demonstrat-
ing that this is positive at redshifts less than z ∼ 2, and then negative at high redshifts;
this relationship demonstrates that our universe can be thought of as transitioning from a
decelerating phase in the past, when it was dominated by matter, into an accelerating phase
due to the presence of dark energy. However, this also reveals that the redshift drift signal
in the nearby universe is largest at z ∼ 1.2, but grows substantially more negative in the
high redshift universe. Hence, the redshift drift will be most prominent for the more distant
sources in the universe [11].
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Figure 1. The cosmological redshift drift signal as a function of redshift (eq. 2.2). Note that the
redshift drift is positive for low redshifts, passing through zero at z ∼ 2, and becoming increasingly
negative at high redshift.
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3 Measuring the redshift drift
3.1 Single-object optical spectrocopy
The simplest strategy to measure the drift is to determine a source redshift at one instant
and then repeat the measurement after ∆t
∆z = z(t2)− z(t1) = z˙∆t+∆zsys, (3.1)
where z˙ is the redshift drift and ∆zsys are sources of systematic velocity. For example, after
10 years the expected change in redshift due to cosmological expansion, at z ∼ 1 is
z˙∆t = ∆z = 10−10.
Thus, in order to measure such a change in a single experiment the accuracy of at least
∆z ∼ 10−10 is required, and the proposed CODEX experiment will achieve such a precision
[12]. However, this will also require keeping all the sources of systematic velocities below the
level ∆zsys ∼ 10−10, which includes the stability of the instrument and modelling the motion
of the observatory up to a few cm/s.
3.1.1 Kinematic Contamination
The motion of the observatory contributes to redshift via the Doppler effect
1 + z = γ(1 + vi e
i), (3.2)
where vi is the i-th component of the velocity vector (noting that speed of light is c = 1),
ei is the i-th component of the vector pointing in the direction to the source; vie
i ≡
i=3∑
i=1
eivi;
γ−2 = 1 − β2 and β2 = vivi ≡
i=3∑
i=1
vivi. In addition, the motion affects the direction via the
aberration [13]
ei =
(
njvj + β
1 + njvj
)
vi +
ni − njvjvi
γ(1 + njvj)
, (3.3)
where ni is the direction for a stationary observer. In the 1st order in β, this reduces to
ei = ni (1− vj nj), (3.4)
and the redshift is
1 + z = γ(1 + vin
i − (vini)2), (3.5)
where vin
i produces the dipole and (vin
i)2 gives rise to a quadruple. Figure 2 shows the
kinematic contamination of the redshift induced by Earth’s orbital motion. The significance
of these results are that even if we model accurately Earth’s orbital motion but only account
for the dipole then we still have a kinematic contamination due to the aberration effect,
leading to ∆zsys ∼ 10−9. Several additional sources of kinematic contamination are present,
considering potential motion of an observer, and are presented in Table 1. These poses a
challenge as there are several effects that can induce the Doppler shift comparable with the
expected signal from the cosmological redshift drift. For example: heliocentric redshifts are
typically modelled with a precision of 10−4 giving residual velocities of order ∆v ∼ km/s;
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Table 1. Contribution to the redshift drift from various effects.
∆zsys
Earth’s orbital motion (dipole) 10−4
Earth’s rotation at latitude 32◦ 10−6
Earth’s orbital motion (quadruple) 10−9
Tidal motion 10−10
Plate tectonics 10−10
Sun’s motion within the galaxy 10−10
Galaxy’s motion 10−13
correction to Earth’s motion due to perturbations from other planets are also of order meters
per second. In addition such effects as the aberration effect or tidal motion or plates tectonics
need also be taken into account.
If one can model all these effects with a precision of a few cm/s that would translate to
uncertainty of∆z = 10−10. To increase the accuracy further one needs to increase the number
of objects to average out at least some of systematics. With a 40-m class telescope, available
with the planned advent of the ELT, one would require a 4000 hours of observing time to get
at least 10 objects with spectra measured with accuracy of ∆z = 10−10 [14]. However, if the
uncertainty of measuring the motion of the spectrograph cannot reach the precision of few
cm/s but is of order of 100 m/s then assuming that the uncertainties are uncorrelated
S/N ∼ 10
−10
10−7
√
NQSO,
one would require at least 106 quasar spectra which is not achievable as it would take decades
of dedicated time of a 40m-class telescope solely for the purpose of such an experiment.
3.2 Multi-object optical spectroscopy
If modelling the spectograph’s motion with the accuracy of cm/s cannot be acheived, then a
more efficient strategy is to target simultaneously a pair of objects at two different redshift.
Measuring simultaneously redshift of object A and B and taking a difference will remove the
kinematic contamination (as long as the angular separation is small)
∆zA−B(t2)−∆zA−B(t1) = ∆z˙A−B ∆t. (3.6)
Assuming that zA = 1, the expected signal for such a measurement is presented in Fig. 3.
The presented signal assumes a perfect alignment. If the sources are separated by an angle
∆θ then the Doppler contamination will no longer be the same for both objects A and B
(cf. Fig. 2). Figure 4 shows how the signal changes with the angular separation between the
observed objects. The noise is modelled as the Doppler contamination of an amplitude of 100
m/s.
As seen from Fig. 4, with the redshift separation approximately 1, ∆z = zA−zB ≈ 1, and
the angular separation is less than 0.2 arc sec one could detect the redshift drift without the
need for ultra-accurate modelling of the motion of the observatory. With 40-m size telescope
such a project could be completed with a few thousand hours. After 10 years, the survey of
the same objects would need to be repeated resulting in detection of the redshift drift.
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Figure 2. The kinematic redshift induced by the Earth’s orbital motion as a function of angular
position (upper panel) and with the dipole removed (lower panel).
3.3 Measuring the redshift drift with SKA
The frequency resolution of SKA is 1 KHz at 1 GHz [15]. We will assume that redshift will be
measured with similar precision, hence ∆z = 10−6. With a few antennas pointing across the
sky one could measure the CMB temperature [16] and infer the kinematic dipole at the level of
10−5 − 10−6 precision directly bypassing the need for theoretical modelling of Earth’s orbital
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Figure 3. The difference between the redshift drift at redshift zA and zB, i.e. ∆z˙A−B = z˙A − z˙B,
where zA = 1 and zB = z.
motion (cf. Fig. 2). With the dipole measure accurately with the precision of 10−5−10−6 the
aberration effects can also be accurately inferred. Additional kinematic contamination due
to Earth’s rotation, tides, and plate tectonics can also be accounted for with the precision
of cm/s and thus the observed signal can be corrected for kinematic contamination as the
measurements are taken. Still to measure the redshift drift with the SKA that has a precision
of ∆z = 10−6 will require at least 107 per redshift sources for the uncertainties to average out
[17].
The number of HI galaxies observed by the SKA will depend on the flux sensitivity.
Based on the numerical simulations the expected number of HI galaxies per sq. degree can
be modelled as [18]
dN
dz
= 10c1 zc2 e−c3z, (3.7)
where (c1, c2, c3) = (5.75, 1.14, 3.95) for the limiting peak flux density of 10 µJ and (c1, c2, c3) =
(4.56, 0.43, 6.86) for the limiting peak flux density of 100 µJ [18]. The flux sensitivity can be
modelled as [17]
∆I =
SEFD
ηs
√
t∆ν
, (3.8)
where ηs = 0.9, and the system equivalent flux density is
SEFD =
2kBTsys
Aeff
, (3.9)
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Figure 4. Signal to noise for a measurement of a ∆z˙A−B as a function of angular and redshift
separation for a CODEX type experiment on 40m-class optical telescopes.
where kB is the Boltzmann constant, Tsys is system temperature, and Aeff is the effective
collecting area.
As in the case of the optical survey on ELT, the strategy of detecting the cosmological
redshift drift with SKA is also based on 2 observing Phases. In each of the observing phases
the spectra of HI galaxies are measured. Phase 2 follows 10 yeas after Phase 1 is completed
and then the redshift drift is obtained from eq. (3.1). Figure 5 shows how long 1 observing
phase would last with the full SKA and SKA1-mid Array. For the full SKA with Aeff/Tsys =
13000 m2 K−1 and 2hr integration time and the 20 sq. degrees filed of view per pointing,
Phase 1 could be completed within a year of operation [17]. For the SKA1-mid Array with
Aeff/Tsys = 1300 m
2 K−1 and 12hr integration time and the 1 sq. degrees filed of view per
pointing, Phase 1 would require more than 40 years of observing time to complete [17].
4 Redshift drift and flux drift
Apart from the redshift drift, radio observations also provide the opportunity to detect the flux
drift. The first person to investing the flux drift was Sandage [1] who apart from the redshift
drift also considered the bolometric flux drift. Below we focus on the specific flux, i.e. flux
at a particular frequency. For radio observations, due to the steepness of the flux-frequency
relation, the shift of the specific flux is more relevant then the change of the bolometric flux.
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Figure 5. Time required to complete Phase 1. In order to measure the cosmological redshift drift,
10 after the phase 1 is completed the same Phase 2 needs to be repeated. Thus, the total length of
the SKA project to detect the cosmological redshift drift is t = 10 years + 2 × tPhase 1. With the
SKA1-mid Array phase 1 would take approximately 40 years leading to a century long project to
detect the cosmological redshift drift. With full SKA the whole project could be completed within
the period of approximately 10 years. If the flux drift is included in the analysis of the data then the
the SKA1-mid Array is capable of direct detection of cosmological expansion (assuming the stability
of radio flux at the level of 10−6).
Similarity the flux drift of the radio part of the spectrum is more significant than of the optical
part, where the spectrum is less steep. This follows from the fact that the spectrum of radio
sources can be modelled as a power law ν−α and so a shift in frequency is directly correlated
with the shift of flux. The observed νo frequency is related to the emitted frequency νe via
the redshift relation
νo =
νe
1 + z
, (4.1)
and thus the frequency change due to the redshift drift is
∆ν = νo(t2)− νo(t1) = −νo ∆z
1 + z
. (4.2)
If F(ν) is the source spectrum then the rate at which the source emits radiation in the
frequency range ν, ν + dν is LF(ν)dν. The flux measured in the frequency range ν, ν + dν
by the observer is [19]
Fν dνo =
L
4pid2L
F(νe)dνe = L
4pid2C
F(νo(1 + z))
(1 + z)
dνo, (4.3)
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Figure 6. The cosmological flux drift signal as a function of redshift. Note that the flux drift changes
the sign at z ∼ 2 just as the redshift drift, but it peaks at a slightly lower redshift.
where dC is the comoving distance. For a power-law F ∼ ν−α the specific flux is
Fν =
L
4pid2C
ν−α
(1 + z)1+α
, (4.4)
and so the flux drift can be written as
∆Fν
Fν
= −α ∆z
1 + z
. (4.5)
The flux drift as a function of redshift is presented in Fig. 6. It provides a new opportunity
to measure the cosmic expansion. With the flux drift one does not need to measure the
spectral lines and infer the change of redshift, here one is only required to measure the flux
at each channel across the bandwidth. However, measuring the flux drift requires observing
galaxies that are intrinsically stable on the timescales of 10 years. While active galactic
nuclei (AGN) are intrinsically variable and not suitable for measuring the flux drift, the
radio galaxies, whose emission arises from large scale synchrotron emission, can be considered
stable. Selecting target galaxies based on stability of their flux (in Phase 1) and excluding
galaxies with any variability larger than 10−6 (i.e. precision of the measurement) will provide
a sample suitable to measure the flux drift along the side with the redshift drift. Any random
variability below this level is expected to average out.
The flux drift allows for the opportunity to directly detect the effect of the cosmic
expansion before the completion of the full SKA, with the SKA1-mid Array. At frequencies
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800 MHz the expected precision of measuring a signal from a radio galaxy for the SKA1-mid
Array is [15]
∆Fν
Fν
= 10−6.
The SKA1-mid Array will operate with the frequency resolution of 20 kHz and 15,000 channels
[15]. Measuring the flux in bins of 100 kHz and targeting HI galaxies at z ≈ 1 with 12hr
integration per pointing and with 1 sq. degree of view, the SKA1-mid Array is expected to
complete Phase 1 under a year of operation. This is presented in Fig. 5, which shows the time
needed to complete Phase 1 with SKA1-mid Array measuring both the redshift drift along
with the flux drift. 10 years after Phase 1, the survey of the same sources needs to be repeated
(Phase 2) with measurements of both redshifts and fluxes. After completion of Phase 2, the
SKA1-mid Array will provide the direct measurement of the cosmological expansion.
This however, relies on the assumption that radio galaxies are stable at the level of
∆Fν/Fν ∼ 10−6. If the HI galaxies are not stable at this level, but have some random
variability at the level of 10−5 − 10−4, then the SKA1-mid Array will not be able to detect
the expansion of the universe before the full SKA. In the case when the radio galaxies are
variable at the level of 10−4 even with the full SKA each of the observing phases will take a
few hundred days to complete. Thus, including the flux drift will not speed up the observing
phases, but it will improve the cosmological constraints, which is presented in Fig. 7.
Figure 7 shows expected constraints on the parameters of the equation of state of dark
energy. The mock data was generated based on the number of HI galaxies expected to
be observed by the SKA, as given by eq. (3.7). The equation of state of dark energy is
parametrised in terms of the parameter w, which is given by the ratio of pressure to energy
density
w =
pDE
ρDEc2
. (4.6)
In the case of the cosmological constant w = −1. If w 6= −1 then dark energy evolves, and
its evolution follows from the Friedmann equations and the equation of state. In general case
the equation of state can also evolve in time. In the linear series (in terms of the scale factor
a) the equation of state can be written as
w = w0 + (1− a)wa, (4.7)
where w0 and wa are constants, and the factor (1 − a) ensures that energy density of dark
energy does not diverge as a→ 0 [20].
As seen in Fig. 7, even if the flux stability is at the level of∆Fν/Fν ∼ 10−4 the constraints
on the equation of state improve. In terms of the Figure of Merit (inverse of the area contained
within the 95% confidence contours of w0−wa [21]) the constraints improve by a factor of 2.
In terms of the constraints on the equation of state of dark energy, the expected constraints
in the year 2040 do not seem impressive if compared to the present-day constraints [22].
However, one should keep in mind that these are the constraints from the drift effects alone,
without combining them with other cosmological probes available in the year 2040 [23]. In
addition, if the flux stability is better than ∆Fν/Fν ∼ 10−4, then the constraints improve
significantly. In terms of the Figure of Merit, these constraints increase to 7.5 and 1,400 for
∆Fν/Fν ∼ 10−5 and ∆Fν/Fν ∼ 10−6 respectively. This shows that if only we can identify
targets sufficiently stable in terms of their flux, then the measurement of the flux drift can
become a useful tool in cosmological studies.
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Figure 7. Constraints on the parameters w0 and wa of the equation of state of dark energy (68%
and 95% confidence regions) expected from the full SKA based on drift effects only. The dashed
line shows constraints from the redshift drift alone. If the stability of radio galaxies is at the level of
∆Fν/Fν ∼ 10−4, ∆Fν/Fν ∼ 10−5, and ∆Fν/Fν ∼ 10−6 then the expected constraints based on the
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5 Conclusions
The analysis presented in this paper focused on ‘real-time’ observational signatures of the
cosmic expansion. Due to this expansion, the observed properties of cosmological sources
change with time. These include: change of redshift, change of distance, change on flux,
change of angular position, as well as, the angular size [1–11]. All of these effects are of
very small amplitude and will require very sensitive instruments, with observational projects
lasting at least a decade.
Despite the wealth of different drift effects, in the literature only the redshift drift has
been of the primary focus, and it has been shown that it is only with very large instruments
such as SKA and ELT that we will finally reach sufficient sensitivity to detect the redshift
drift. Both ELT and SKA are expect to be operational around the year 2030, which means
– 11 –
that the earliest the redshift drift could to be detected is around the year 2040.
In this paper, apart from the redshift drift we also discussed the flux drift. The flux
drift is more challenging to observe as it requires a sufficiently large sample of radio galaxies
that are intrinsically stable (in terms of flux) over the period of 10 years. We showed that
when the observational project focuses on both of these drift effects (i.e. redshift drift +
flux drift) detectibility is boosted. If the stability of radio sources at the level of 10−6 then
the SKA1-mid Array should be able to detect the drift effects before the ELT and the full
SKA. This means that the direct detection of the cosmic expansion could be achieved by mid
2030. This however requires stability of flux at the level of ∆Fν/Fν ∼ 10−6. If the galaxies
are variable at a level higher than ∆Fν/Fν ∼ 10−6 then the SKA1-mid Array will not be
able to detect the cosmic expansion before the full SKA. However, if only radio galaxies are
stable at the level of ∆Fν/Fν ∼ 10−4 (or better) then the inclusion of the flux drift into the
analysis will significantly improve the constraints on cosmological parameters, including the
dark energy equation of state (cf. Fig. 7).
This paper concludes that the flux drift could become a useful cosmological tool and we
advocate for utilising this tool in future cosmological studies.
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